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Abstract Nanomaterials have widely been used in the
field of biological and biomedicine, such as tissue imaging,
diagnosis and cancer therapy. In this study, we explored the
cytotoxicity and photodynamic effect of different-sized
ZnO nanoparticles to target cells. Our observations dem-
onstrated that ZnO nanoparticles exerted dose-dependent
and time-dependent cytotoxicity for cancer cells like
hepatocellular carcinoma SMMC-7721 cells in vitro.
Meanwhile, it was observed that UV irradiation could
enhance the suppression ability of ZnO nanoparticles on
cancer cells proliferation, and these effects were in the
size-dependent manner. Furthermore, when ZnO nanopar-
ticles combined with daunorubicin, the related cytotoxicity
of anticancer agents on cancer cells was evidently
enhanced, suggesting that ZnO nanoparticles could play an
important role in drug delivery. This may offer the possi-
bility of the great potential and promising applications of
the ZnO nanoparticles in clinical and biomedical areas like
photodynamic cancer therapy and others.
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Introduction

With the development of nanotechnology, nanomaterials
are receiving increasing interest in the relative research
and industrial applications for their unique characteristics.
As one of the most important application, nanomaterials
are now widely studied and applied in biological and
biomedical field [1-6]. Nanoscale materials, such as
nanoparticles [7-9], nanorods [10], nanowires [11, 12],
nanotubes [13] and nanofiber [14, 15], have been
explored in many biomedical applications because of
their novel properties, such as the high volume/surface
ratio, surface tailorability and multifunctionality [7-10,
16—18]. Moreover, the intrinsic optical [19, 20], magnetic
[21, 22] and biological properties of nanomaterials offer
remarkable opportunities to study and regulate complex
biological processes for biomedical applications in an
unprecedented manner [23-25]. Fundamentally, life itself
is a collective of processes at nanoscale within cells
[15, 26].

Nanoparticles (NPs) and nanosized objects are being
incorporated rapidly into clinical medicine and particularly
into the field of medical oncology [27]. As the energy
donor, quantum dots have the possibility for energy
transfer between quantum dot particles and cell molecules
such as active oxygen and give them a potential to induce
generation of reactive oxygen species and/or free radicals
and to provoke apoptosis of the cells [28, 29]. The dual
nature of UV-mediated cytotoxicity of quantum dots and
their energy donor capacity could open a new area of
quantum dot application in biology and medicine, as novel
photosensitizers or at least as potentiators of the conven-
tional photosensitizing drugs in photodynamic therapy
(PDT) of cancer. Some reports have shown that some kinds
of quantum dots (QDs) can act as photosensitizers and
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potentiators of classical photosensitizers to overcome the
limitations of organic dye-based PDT [30-32].

In this study, we initially investigated the effect of dif-
ferent-sized ZnO nanoparticles on cytotoxicity of hepato-
cellular carcinoma cells (SMMC-7721). Combined with
the MTT (3-(4,5-dimethylthiazol-2-y1)2,5-diphenyl-tetra-
zolium bromide) assay, real-time cell electronic sensing
(RT-CES) study and fluorescence microscope image, we
explored the nanoparticles’ cytotoxicity for human cancer
cells in vitro and compared the distinction of different size
ZnO nanoparticles affecting the cell proliferation. As the
good photocatalysis material, the photodynamic effect of
these different-sized ZnO nanoparticles has also been
investigated by combination with UV irradiation, which
could be further utilized as a good photosensitizer with the
potential application in PDT. Meanwhile, the synergetic
cytotoxicity of the anticancer agent daunorubicin (DNR)
with ZnO nanoparticles was explored to inhibit the cancer
cell proliferation in vitro, and the real-time cell electronic
sensing (RT-CES) assay also provided the dynamic process
and binding behavior between cells and related agents.

Experimental
Reagents and Materials

Three different-sized ZnO nanoparticles capped with
aminopolysiloxane, i.e., ZP5, ZP6 and ZP7, were pur-
chased from Jiangsu Changtai Nanometer Material Co.,
Ltd. The average diameters of ZP5, ZP6 and ZP7 were
about 20, 60 and 100 nm, respectively, observed by
transmission electron microscopy (TEM) using a JEOL
JEM-2100 transmission electron microscope. Daunorubicin
was purchased from Farmitalis Co. Italian. MTT was
purchased from Sigma (USA), and all other agents were
analytical pure.

Cell Culture

SMMC-7721 cancer cells (purchased from Shanghai
Institutes for Biological Sciences, Chinese Academy of
Sciences) were maintained in RPMI-1640 medium (Gibco,
USA) supplemented with 10% fetal bovine serum (Sigma,
USA), 100 U/ml penicillin (Sigma, USA) and 100 pg/ml
streptomycin (Sigma, USA) and grown at 37°C in a 5%
CO, humidified environment.

MTT Assay for the Proliferation of SMCC 7721
The effect of different size ZnO nanoparticles’ concentra-

tions on SMMC-7721 cancer cells was observed by MTT
assay. The final concentrations of ZnO nanoparticles were
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1.56, 3.12, 6.25, 12.5, 25 and 50 pg/mL, respectively.
Initially, 1 x 10* cells were seeded into each well con-
taining 200 pL cell culture mediums in 96-well plate and
incubated for 24 h and then added the relevant materials
and incubated at 37°C with 5% CO, for 72 h. Then, 20 pL,
5 mg/mL MTT solution was added into the well and con-
tinue cultured for about 4 h. The culture medium was
discarded, and 200 pL. DMSO was added following the
shaking about 10 min. The UV absorption was measured at
490 nm. Controls were cultivated under the same condi-
tions without addition of ZnO nanoparticles. The relevant
experiments were repeated thrice independently. The
inhibition efficiency (%) was expressed as follows:
(1_[A]test/[A]control) X 100, where [A]test and [A]control
represent the optical density at 490 nm for the test and
control experiments, respectively.

The Effect of UV Irradiation for the Proliferation
of SMCC 7721 in the Presence of ZnO Nanoparticles

The procedure of cell culture and treatment of nanoparti-
cles was similar with the above phase of MTT assay. Upon
application of UV irradiation, the UVC (4 = 254 nm) was
provided by a germicidal lamp in the clean bench, and its
average intensity is 0.1 mW/cm? at the working plane. The
effect of different-sized ZnO nanoparticles for SMMC
7721 cell proliferation in the presence of UV irradiation for
180 s has been explored by MTT assay. Every experiment
was repeated at least three times independently.

In Vitro RT-CES Cytotoxicity Assay for SMMC-7721
Proliferation

The cell culture condition, the starting cell number, and cell
culture medium volume used for the 16 x sensor device were
similar to that of MTT assay. Different size ZnO nanopar-
ticles were seeded in the plate with the concentration of 2.5,
5.0, and 10.0 pg/mL, respectively. Then, the effect of UV
irradiation was studied by using MTT assay. In order to study
the synergistic cytotoxicity of ZnO nanoparticles and DNR,
DNR was introduced into the system as the negative control
with concentration about 1.0 x 10~ "mol/L. The correlative
controls were also seeded in the same plate simultaneously.
Once the cells were added to the sensor wells, the sensor
devices were placed into the incubator, and the real-time cell
index (CI) data acquisition was initiated by the RT-CES
analyzer (ACEA Bioscience. Inc. USA).

Olympus IX71 Inverted Fluorescence Microscopy
The experiment was performed as described in the litera-

ture [33]. The SMMC-7721 cells were seeded on the
coverslips in six-well plates (1 x 10° cells/well) and
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cultured for 24 h at 37°C with 5% CO,, then daunorubicin
with 1.0 x 10" mol/L and different size ZnO nanoparti-
cles with 2.5 pg/mL were injected to the cells system.
Meanwhile, the cells treated with the same concentration of
solvent were taken as control experiments. All specimens
were subsequently incubated for 1 h at 37°C with 5% CO,,
and quickly washed with PBS, followed by fixation with
4% formaldehyde for 5 min. Finally, specimens were
observed by inverted fluorescence microscopy (Olympus
IX71, Japan).

Statistics

Data were expressed as the mean £ SD (standard devia-
tion) from at least three independent experiments. One-
tailed unpaired Student’s z-test was used for significance
testing, and P < 0.05 is considered significant.

Results and Discussion

Cytotoxicity of Different-Sized ZnO Nanoparticles
for SMMC7721 Cancer Cells

It is already known that the unique properties and size
effect of semiconductor nanomaterials may play an
important role in the possible biomedical application,
especially in the photodynamic therapy (PDT). In this
contribution, we have explored the cytotoxic effect of ZnO
nanoparticles, named ZP5, ZP6 and ZP7 with the average
diameters of about 20, 60 and 100 nm, as shown in the
supporting information, on SMMC-7721 cancer cells.
According to the MTT results, as shown in Fig. 1, it was
observed that the cytotoxicity was in a dose-dependent
manner, which was similar with the literature report [34].
The relevant IC50 values of ZP5, ZP6 and ZP7 nanopar-
ticles’ cytotoxicity on SMMC7721 cell lines were about
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Fig. 1 a Cell viability of SMMC-7721 cells at various concentrations
of different-sized ZnO nanoparticles. Error bars indicate standard
deviation. b The comparison of IC 50 values for different-sized ZnO
NPs

27.01, 36.60 and 21.70 pg/mL, respectively (shown in
Fig. 1). From the viability and the values of IC50, we
observe that there was no apparent difference in the cyto-
toxicity between the different size ZnO nanoparticles.
Besides, our observations demonstrate that although these
ZnO nanoparticles can greatly inhibit cancer cell prolifer-
ation in vitro at higher concentrations, they have little
effect on target cancer cells at lower concentrations.

In general, there are two mainly different actions for
nanomaterials to act toxic effects on target cells: first, a
chemical toxicity based on the chemical composition, such
as release of (toxic) ions, particle surface catalyzed reac-
tions or formation of reactive oxygen species; second, the
stress or stimuli caused by the surface, size and/or shape of
the particles [35]. In this study, three different-sized ZnO
nanoparticles could exert cytotoxic effect on SMMC-7721
cells at different concentrations. While in scale from 20 to
100 nm, there was little difference in cytotoxicity at the
identical concentration of ZnO NPs. This is different from
some other reports, such as the cytotoxic effect of carbon-
based nanomaterials is size-dependent [36].

The Effect of Nano ZnO and UV Irradiation on SMMC
7721 Cell Proliferation

As the energy donors [28], the semiconductor nanomate-
rials could have a very important application in the pho-
todynamic therapy (PDT) for energy transfer between
quantum dot particles and cell molecules (such as triplet
oxygen, reducing equivalents and pigments). Derfus and
colleagues provoked the hypothesis that while the cyto-
toxicity of quantum dots, mediated by UV irradiation, is
harmful for normal cell viability, it may be very useful in
killing cancer cells [31, 32]. After the semiconductor,
nanomaterial is excited by the UV irradiation, the semi-
conductor nanomaterial can release the oxygen free radical/
oxyradical, and the oxyradical was considered as the main
mediator of photocytotoxicity in photodynamic therapy,
causing biomembrane oxidation and degradation.

In view of the above consideration, in this study, we
have explored the effect of UV irradiation combined with
different-sized ZnO nanoparticles to inhibit the cancer cell
proliferation. As shown in Fig. 2, after the UV irradiation
for about 180 s, the cell viability of SMMC 7721 was
apparently decreased. According to the curves, we can find
that this decrease was also enhanced when the nano ZnO
concentration was increased, following the dose-dependent
manner. After UV irradiation, the related IC 50 values were
16.74, 13.17 and 8.58 pg/mL, respectively (as shown in
Fig. 3). So, these three different-sized ZnO nanoparticles
could exert remarkable inhibition effect on SMMC 7721
cells proliferation under UV irradiation compared to
that without UV irradiation, demonstrating that ZnO

@ Springer



Nanoscale Res Lett (2010) 5:1063-1071

1066
A 100 B
without UV irradiation
° —— UV irradiation (180 sec) 100
& 804 RS *
s g W
5 60 3 60
8 ®
> = 40
T 404 =
(&) [0
2 O o
T T T T T 0
0 10 20 30 40 50 1.56 25
Time/h ZP5 NPs/ug/mL
c 100 without UV irradiation D 100 4
o —— UV irradiation (180 sec)
S 2
< 80 N *
2 S, 801
3 = ]
g 60 g 60
= 0] 2 40
8 ©
O 204
20 1
. . . . . 0-
0 10 20 30 40 50 1.56 25
Time/h ZP6 NPs/ug/mL
E 100 - F
—— without UV irradiation 100
2 —— UV irradiation (180 sec) 2 =
> S
< g 60
> = 4
@ ©
(¢] O 20
0

50 1.56 25
ZP7 NPs/ug/mL

0 10 20 30 40
Time/h

Fig. 2 Cell viability of SMMC-7721 cancer cells treated with
different concentrations of different-sized ZnO NPs in the presence
and absence of UV irradiation. a Target cancer cells treated with ZP5
NPs and b the comparison of cell viability in different ZP5 NPs
concentration with/without UV irradiation; ¢ Target cancer cells
treated with ZP5S NPs and d the comparison of cell viability in
different ZP6 NPs concentration with/without UV irradiation; e
Target cancer cells treated with ZP5 NPs and f the comparison of cell
viability in different ZP7 NPs concentration with/without UV
irradiation

IC 50

ZP5 ZP6 ZP7
Fig. 3 The comparison of IC 50 values of three different-sized ZnO

NPs for SMMC 7721 cytotoxicity in the presence and absence UV
irradiation
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nanoparticles could greatly exert cancer cell-killing effect
under UV irradiation, and this effect was in the dose-
dependent manner.

Based on the effect of different-sized ZnO nanoparticles
in the absence/presence of UV irradiation on SMMC 7721
cell lines, it was evident that all these ZnO nanoparticles
have the similar inhibition capacity on target cancer cells,
and UV irradiation could greatly enhance this inhibition
effect on SMMC-7721 cells in vitro when treated with ZnO
nanoparticles. These observations demonstrated that in this
nano-scale level, ZnO nanoparticles could play an impor-
tant role in inhibiting cancer cell proliferation, and UV
irradiation can further enhance this effect. It was consid-
ered that the light excites the photosensitizing agent,
resulting in formation of ROS, believed to be responsible
for the cascade of cellular and molecular events in which
the following result is selective tumor destruction [37].
After UV irradiation, nano-sized ZnO particles could effi-
ciently induce the formation of ROS and further attack the
cell membrane (mainly by lipid peroxidation), proteins
(such as enzyme deactivation) or even nucleic acids. And
the attack of the photogenerated ROS on the cell membrane
can lead to the membrane destruction, then results in the
changes in the permeability on the target cell membrane,
which causes the efflux of cytoplasm and the apoptosis or
death of the target caner cells [28, 29, 32].

The RT-CES Dynamic Study for the Inhibition
of ZnO Nanoparticles on SMMC-7721 Cancer Cells
in the Presence of UV Irradiation

The real-time cell electronic sensing (RT-CES) assay could
provide dynamic information to identify the interaction
between target cells and reagents. The basic principle of
the RT-CES system is to monitor the changes in electrode
impedance induced by the interaction between testing cells
and electrodes, where the presence of the cells will lead to
an increase in the electrode impedance. The more cells
attached to the sensor, the higher the impedance that could
be monitored with RT-CES. The RT-CES array has been
proven to be a valuable and reliable way for real-time
monitoring of dynamic changes induced by cell-chemical
interaction [38—41]. Since the relevant test is labeling free,
the RT-CES assay allows real-time, automatically and
continually monitoring cellular status changes during the
whole process of the cell-chemical interaction. Thus, in this
work we introduced the RT-CES assay to study the
dynamic response of target cancer cells exposure to ZnO
nanoparticles.

As shown in Figs. 4, 5 and 6, our observations demon-
strate that when the ZnO nanoparticles were injected into
the cell system, the electrode impendence would be lower
compared with that of negative system in the absence of



Nanoscale Res Lett (2010) 5:1063-1071

1067

>

24 Treatment

Normalized Cell Index
N

Time/h

Fig. 4 Dynamic response of SMMC-7721 cells exposure to ZP5 ZnO
nanoparticles. a in the absence of UV irradiation: a ZnO nanoparticle-
free (control), b 2.5 pg/mL of ZnO nanoparticles, ¢ 5.0 pg/mL of
ZnO nanoparticles and d 10.0 pg/mL of ZnO nanoparticles; b The
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Fig. 5 Dynamic response of SMMC-7721 cells exposure to ZP6 ZnO
nanoparticles. a in the absence of UV irradiation: a ZnO nanoparticle-
free (control), b 2.5 pg/mL of ZnO nanoparticles, ¢ 5.0 pg/mL of
ZnO nanoparticles and d 10.0 pg/mL of ZnO nanoparticles; b The
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Fig. 6 Dynamic response of SMMC-7721 cells exposure to ZP7 ZnO
nanoparticles. a in the absence of UV irradiation: @ ZnO nanoparticle-
free (control), b 2.5 pg/mL of ZnO nanoparticles, ¢ 5.0 pg/mL of
ZnO nanoparticles and d 10.0 pg/mL of ZnO nanoparticles; b The
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Fig. 7 a Decrease of cell index
after different concentration
ZnO NPs was incubated in the
cell system for about 72 h
without UV irradiation.

b Comparison of cell inhibition
for different-sized ZnO NPs in
the absence of UV irradiation.
¢ Decrease in cell index after
different concentration ZnO
NPs was incubated in the cell
system for about 72 h with UV
irradiation for 180 s. ZP5
d Comparison of cell inhibition
for different-sized ZnO NPs in
the presence of UV irradiation
for 180 s
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Fig. 8 Dynamic response of SMMC-7721 cells exposure to daunoru-
bicin (1.0 x 1077 mol/L) with ZP5 NPs. a negative control (ZnO
nanoparticle-free); b daunorubicin (1.0 x 1077 mol/L); ¢ 2.5 pug/mL
of ZnO NPs and daunorubicin (1.0 x 10™7 mol/L) and d 5.0 pg/mL of
ZnO NPs and daunorubicin (1.0 x 1077 mol/L). The information of
ZP6 and ZP7 was shown in the supporting information

nanoparticles, in which the electrode impedance became
higher following the culture time. And this decrease
affected by nanoparticles was also dose dependent and time
dependent. Compared with the results of different size
nanoparticles’ effects as shown in Figs. 3a, 4a and 5a, we
can find that there was no any notable difference. These
results were coherent with that of our MTT assay.
Furthermore, when ZnO nanoparticles were stimulated
by the UV irradiation for about 180 s, we can notice that
the electrode impendence was extremely decreased, caused
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by the caner cells massive death in a short culture time
(shown in Supporting Information). Compared with
Figs. 3b, 4b and 5b, we can find that when ZP 5 ZnO
nanoparticles sized about 20 nm were only about 2.5 pg/
mL, the electrode impedance evidently decreased about
more than 80% comparing with the negative control
because of the massive death of SMMC-7721. And there
was no evidently size-dependent manner for 20 nm ZnO
nanoparticle in the cytotoxicity of cell proliferation. For ZP
6 ZnO nanoparticles sized about 60 nm, there was a
decrease of about 40% after 72-h incubation with the
nanoparticle concentration about 2.5 pg/mL, and the
decrease of the electrode impedance would be more than
95% when the concentration was about 5.0 and 10.0 pg/
mL, respectively. As the ZP 7 ZnO nanoparticles sized
about 100 nm, there was a decrease about 40% in about
2.5 pg/mL and about 63% decrease in about 5.0 pg/mL.
And there was an extremely decrease when ZP 7 was about
10.0 pg/mL. As shown in Fig. 7, the comparison of cell
inhibition for different-sized and different concentration
ZnO NPs in the absence/presence of UV irradiation indi-
cates that UV irradiation could enhance the suppression
ability of ZnO nanoparticles on cancer cells proliferation.
More importantly, this cytotoxicity for SMMC-7721 pro-
liferation caused by ZnO nanoparticles after UV irradiation
was in the size-dependent manner, i.e., the smaller the
related nanoparticle size, the higher the cytotoxicity of
cancer cell proliferation.
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The Synergistic Effect of ZnO Nanoparticles
for Daunorubicin Cytotoxicity

To further explore the bio-application of ZnO nanoparticles
in the PDT, we have combined the nano ZnO with dau-
norubicin (DNR), a widely used clinical chemotherapeutic
agent, to study the possible synergistic effect. As shown in
Fig. 8 as well as in the supporting information, our
studies indicate that when there was only daunorubicin
(1.0 x 1077 mol/L) in the cell system, the dynamic
response of SMMC-7721 cancer cells gradually grew with
the increase in the culture time, and the electrode impen-
dence increased correspondingly. While ZnO nanoparticles

Fig. 9 Inverted fluorescence
micrographs of SMMC-7721
cells after incubation with a
cells only; b daunorubicin; ¢
ZP5 ZnO nanoparticles;

d ZP5 ZnO nanoparticles and
daunorubicin; e ZP6 ZnO
nanoparticles; f ZP6 ZnO
nanoparticles and daunorubicin;
g ZP7 ZnO nanoparticles; h ZP7
ZnO nanoparticles and
daunorubicin. Here, the
concentration of daunorubicin is
1.0 x 107° mol/L, bar 20 pm

with different concentrations were injected into the DNR
drug system, the electrode impendence is observed to
apparently decrease. It is noted that when the nanoparticles
concentration was only 2.5 pg/mL, the electrode imped-
ance decreased apparently. Especially, after the related
treatment by combining DNR with nano ZnO for about
10 h, the electrode impendence would have the apparent
decrease and the effect of nanoparticle size was not very
notable.

If the ZnO nanoparticles were irradiated by UV light,
the generated ROS made the membrane destruction which
may cause the efflux of cytoplasm and/or make more
daunorubicin molecules enter into cancer cells and induce
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Scheme 1 The schematic image of ZnO nanoparticle cytotoxicity
and the PDT process cooperated with daunorubicin in vitro

the target cell killing. So, ZnO nanoparticles could play an
important role to enhance the synergistic cytotoxicity of
daunorubicn in the target cancer therapy, or the ZnO
nanoparticles may act as the role of drug delivery carries.

Moreover, as a widely used clinical chemotherapeutics
agent in cancer therapy, daunorubicin has the good char-
acteristic of fluorescence, suggesting that it can be used in
the fluorescence microscope image of the target cancer
cells. As shown in Fig. 9, if there was only daunorubicin in
the cell system, the excited fluorescence was not strong.
However, when the combination of daunorubicin and ZnO
nanoparticles was injected into the cell system, the excited
fluorescence in cancer cells was extremely enhanced, and
there was no any difference between the different size ZnO
nanoparticles, which was coherent with the above studies
of MTT and RT-CES. So, it is obvious that ZnO nano-
particles could play an important role in the drug delivery
to carry daunorubicin into the target caner cells thus
enhance the drug accumulation and strengthen the drug
cytotoxicity to restrain SMMC-7721 cells proliferation.
This raises the possibility to utilize ZnO nanoparticles as
one of the efficient photosensitizers in cancer PDT, which
may also provide other promising application in biological
and biomedical engineering.

In summary, our studies demonstrate that the relevant
ZnO nanoparticles play an important role as the nano-sized
drug carries. Semiconductor fluorescent NPs could be
developed for simultaneous detection and localization of
multiple solid cancer biomarkers, enabling the personali-
zation of therapeutic regimens for each patient [29, 42].
Additionally, inorganic NPs can be readily conjugated with
tumor-specific ligands and used for tumor-selective deliv-
ery of chemotherapeutic or hormonal agents [20, 22].
Meanwhile, it was observed that all these three different
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size ZnO nanoparticles could have effective proliferation
inhibition capacity on target cancer cells, and UV irradia-
tion could greatly enhance the inhibition effect on target
cancer cells in vitro. The possible process for cellular
cytotoxicity of ZnO nanoparticles and daunorubicin in the
PDT could be illustrated in Scheme 1, suggesting that ZnO
particles could play an important role in the drug delivery
to enhance the accumulation and the synergistic cytotox-
icity of daunorubicin in the target SMMC-7721 cells.

Conclusion

In this contribution, our observations demonstrate that
different-sized ZnO nanoparticles exposed to SMMC-7721
cancer cells could exert dose-dependent cytotoxicity sup-
pression in vitro, and this cytotoxicity of nanoparticles was
time depended and dose depended, while the size-depended
effect was not clear in the scope from 20 to 100 nm. UV
irradiation could readily enhance the proliferation sup-
pression ability of ZnO nanoparticles on cancer cells. More
importantly, these effects were size dependent, while the
smaller the nanoparticle size, the higher the cytotoxicity of
cancer cell proliferation caused by ZnO nanoparticle.
Meanwhile, if ZnO nanoparticles combined with dauno-
rubicin, cytotoxicity of DNR for SMMC-7721 cancer cells
was especially enhanced. These observations suggest that
ZnO nanoparticles could play an important role in the PDT
and have the great potential and promising applications in
clinical and biomedical engineering.
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